for resident proficiency-based assessments. 21 High-fidelity simulation, such as that involving immersive simulated operating room environments, 23 is emerging as a method of providing learners with a safe yet realistic learning environment. There is a significant amount of evidence accumulating from several specialties as to the potential benefits of simulation, especially when combined with deliberate practice (repeated practice in motivated individuals receiving feedback on their performance). 22 A recent meta-analysis found simulation-based medical education with deliberate practice better than traditional apprenticeship-styled clinical education in technical skill acquisition and maintenance for several clinical skills. 33 In principle, one may consider neurosurgery an ideal specialty in which simulation could flourish; simulation could permit trainees to acquire key skills in a safe and protected environment in a high-precision specialty where technical error can result in devastating patient outcomes. To the best of our knowledge, the application of simulation within neurosurgical education and training has yet to be systematically reviewed and the state of the art in simulation within this specialty is currently unknown. This paper reports the results of the first systematic review aimed to assess the application of simulation within neurosurgical training.
Methods

Data Sources and Search Strategy
We prespecified the methods used in this systematic review and present them in accordance with PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses) guidelines. 34 A literature search was performed using the electronic databases of Ovid MED-LINE (1980 to Week 3 of December 2012), Embase (1980 to Week 52 of 2012), and PsycINFO (1987 to Week 3 of December 2012). A search of PubMed and the Cochrane Database of Systematic Reviews was also performed. The search strategy combined the 3 broad content areas of neurosurgery, simulation, and education (Table 1) . These 3 content areas were combined using the Boolean operator "and." Medical Subject Headings (MeSH) terms were used to ensure our search was comprehensive.
To be eligible for inclusion in our review, papers had to report primary data, be published in the English language, describe a simulation-based neurosurgical intervention used in an educational or training context, and present outcome data. Papers that described a simulation alone, without outcome data, were excluded. There was no restriction placed on the specialty or training level of participants included in studies, and thus studies recruiting medical students and trainees in other (nonneurosurgical) specialties were also included. Furthermore, papers that incorporated data from simulation in nonneurosurgical specialties were included, but only the data relevant to neurosurgery were analyzed.
An initial title screen performed by a neurosurgical resident with expertise in surgical education (M.A.K.) was followed by an independent review of abstracts by M.A.K. and another clinician with expertise in medical education (M.A.). Full articles were reviewed where ambiguity regarding eligibility remained, and disagreements were resolved by consensus. Additional articles were identified through reading relevant specialty journals and through reviewing reference lists of included studies (M.A.K. and A.F.A.). Figure 1 highlights the study selection process from this systematic review.
Data Extraction and Quality Assessment
Data from studies meeting our inclusion criteria were extracted by M.A.K. using a standardized data extraction proforma (available from the corresponding author upon request) and were critically appraised. Methodological quality of studies was assessed using the validated Medical Education Research Study Quality Instrument (MERSQI), 42 a 10-item tool giving a score from 5 to 18 (higher score denotes better quality) in the domains of study design, sampling, data type, assessment validity, data analysis, and outcomes. When a study had components not applicable or relevant to the domain being evaluated, our scores were adjusted appropriately to result in a standard denominator of 18, in line with the original tool description. 42 Given the wide variations in study design and outcome measures, a meta-analysis was not applicable.
Results
Selected Articles
Our search strategy identified 4101 articles (Table 1) . After duplicates and those not published in the English language were excluded, 3132 articles remained for title screening (Fig. 1) , which subsequently left 195 articles for abstract review. Two authors (M.A.K. and M.A.) agreed, after abstract review, on the full review of 81 of these papers (kappa statistic of agreement between reviewers = 0.947, 95% CI 0.901-0.993), and 19 were selected for inclusion in this systematic review. An additional 9 articles were found following hand searching of the reference lists of retrieved articles, leaving 28 articles for analysis.
Characteristics of Included Studies and Study Settings
The majority of studies were performed either exclusively in the US (n = 17; 61%) or in combination with Europe (n = 2; 7%) ( Table 2 ). Study participants were of varying grades and specialties. The commonest simulated procedure was ventriculostomy (n = 6; 21%), followed by carotid angioplasty and stenting (CAS) (n = 4; 14%). In one instance, critical care scenarios were simulated as opposed to a specific surgical procedure. 36 The commonest simulator used was ImmersiveTouch (n = 7; 25%), followed by the Procedicus Vascular Intervention System Training (VIST; Mentice AB) (n = 4; 14%) and the in vivo rat model (n = 3; 11%). Table 3 shows the different types of procedures simulated using the different surgical models.
Study Quality and Level of Evidence
Only 2 of the included studies were randomized; these were the only studies that had a control group.
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None of the studies were performed in high-fidelity environments. Only 1 study 57 assessed skills retention following training on a simulator at 1 month following initial skill training only; this study was also the only study to assess transfer of simulator-based skills training to improved patient outcomes. The mean MERSQI score of included studies was 9.21 ± 1.95 (± SD; range 6-12.5) of a possible score of 18 (Table 4) . No study scored more than 0 out of 3 in the domain of assessment validity, indicating overall poor validation evidence.
Data Synthesis
Study findings are categorized according to the category of simulator used (Table 5) .
Computer/Virtual Reality Simulators. Six computer/ virtual reality simulators were identified through the systematic review: ImmersiveTouch (Fig. 2) , ANGIO Mentor (Simbionix), ROBO-SIM (developed as part of the ROBOSCOPE EU-Telematics program), VIST (Fig. 3) , EasyGuide Neuro (Philips Medical Systems), and a boundary element-based virtual reality simulator with haptic feedback. All but one of these (EasyGuide Neuro) incorporates haptic feedback, and EasyGuide Neuro was originally designed as a clinical neuronavigation tool for use in the operating room. 46 See Appendix for technical details of some of the simulators identified in this systematic review.
The most commonly used simulator was ImmersiveTouch, an augmented virtual reality system that has been shown to improve performance when used for training to simulate ventriculostomy, 5, 6, 27, 28, 57 thoracic pedicle screw placement, 29 and percutaneous spinal needle placement 30 across different grades of trainees. Ventriculostomy was the commonest simulated procedure identified from this systematic review, having been reported in 6 articles. In 5 articles the ImmersiveTouch simulator was used; 5, 6, 27, 28, 57 the remaining study used EasyGuide Neuro. 26 Simulated ImmersiveTouch ventriculostomy training in neurosurgical residents, fellows, and medical students was shown to improve accuracy of catheter placement, 27, 28 even after one attempt, 27 and in the presence of anatomically abnormal ventricles as may be encountered in the clinical setting. 27, 57 The effect of training was shown to persist 1 month after training. 57 Of note, there was no clear relationship between seniority and performance at ventriculostomy in the reviewed studies; some studies found peak performance in midresidency, 6 ,57 and others did not, 5, 27 including the study utilizing EasyGuide Neuro. 26 These conflicting findings are perhaps surprising given that all but one of these simulated ventriculostomy studies were performed by the same research group using the same simulator (ImmersiveTouch). However, it may simply reflect differences in study design (for example, the use of normal vs pathological ventricles) or a complex relationship between seniority and performance in this task.
Utilizing VIST to simulate cerebral angiography 12, 38 and CAS (including in 1 randomized controlled study) 9, 18 resulted in improvements in anatomical and procedural knowledge, 12 faculty assessment of technical skills, 12 time taken to complete the procedure, 9,12,18,38 duration of fluoroscopy exposure, 9, 12, 38 contrast volume administered, 38 and catheter handling errors. 38 The ANGIO Mentor was used to simulate CAS 52 and diagnostic cerebral angiography 47 with evidence of significantly improved performance following training. Performance in cerebral angiography was better in more experienced participants (endovascular neurosurgery fellows) in the first and last trials; however, residents were able to close the gap and, interestingly, even the fellows showed an overall improvement with training. . In Stage 4 of the search, the content areas were combined so that only articles including content on all 3 content areas were retrieved to produce a final set of articles to proceed to further review (as per Fig. 1 ). The final column indicates the number of articles retrieved at each stage of the search. MeSH = Medical Subject Headings.
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Studies of the ROBO-SIM 41 and the boundary element-based virtual reality simulator 55 only reported participants' subjective feedback on simulator training, which was positive.
Cadaveric Models. Evaluation of cadaveric porcine, deer head and spine, and human models was identified in the literature. Using a cadaveric porcine skull, remote proctoring of general surgery residents was found to improve performance and satisfaction in craniectomy for traumatic extradural hematoma, compared with being unproctored.
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Mean self-reported confidence in performing a laminectomy significantly increased among neurosurgical residents after use of a cadaveric deer head and spine model, with confidence in pedicle screw insertion also increasing but nonsignificantly so. 56 Neurosurgery and otolaryngology faculty surgeons and residents found a human cadaveric head, with Stratathane resin ST-504 polymer (SRSP) instilled to simulate a skull base tumor, to be useful for neurosurgical training, but the participants raised concerns about the ability to visualize the SRSP material with radiographic imaging while planning the procedure. 14 In Vivo Models. In vivo rodent and swine models were identified by the systematic review. The in vivo rodent model has been evaluated as a training tool for microvascular surgery, 20, 39 with improved faculty-rated resident surgical skills in 1 laboratory. 39 The rodent model was favored over turkey wing, 1 Silastic tube, 1, 20 and chicken wing training models, 1 especially with regard to accuracy and utility. 1, 20 However, it may not be as practical as the chicken wing model. 20 A live swine model used for craniotomy, dural opening, and tumor excision by neurosurgery residents received positive feedback. 43 Synthetic Models. The synthetic models we identified include the Sinus Model Oto-Rhino Neuro Trainer (SIMONT; produced using synthetic thermoretractable and thermosensible rubber called Neoderma [Pro Delphus Co.]), the OMeR model (ONO & Co. Ltd.), and a cast of the ventricular system made with Model Magic (Crayola). Performance in simulated intraventricular tumor resection and third ventriculostomy by experienced and inexperienced neurosurgeons utilizing the SIMONT improved after performing 6 procedures. 13 However, weaknesses in consistency and texture of the model were highlighted. 59 The OMeR model, a synthetic head model, received positive feedback from medical students and residents, helping them learn about neuroanatomical relationships and increasing the medical students' interest in neurosurgery. 16 In a randomized study using Crayola Model Magic, medical students who constructed 3D color-coded physical models of periventricular structures had significantly higher quiz scores than a control group (using 2D brain cross-sections), especially for questions requiring 3D understanding of periventricular structures. 11 Although no difference in medical school grades was observed, the medical school examinations may not have appropriately tested 3D knowledge. Participants found the model helpful for learning. Although the authors' institution has formally integrated the intervention into the curriculum, long-term outcomes were not available.
Patient Simulator. Training of medical students and residents from several specialties in various neurocritical care scenarios using the Human Patient Simulator improved knowledge-based written assessment scores. 36 Table 6 shows the variety of assessment tools used in the reviewed studies, which comprised the following 3 broad categories: 1) subjective evaluation or feedback surveys; 2) performance at a surgical task assessed either by a rater 10, 39 (including self-rating 56 ), simulator-derived metrics, 5, 6, [26] [27] [28] [29] [30] 38, 47, 57 or both; 9,12,13,18,52 and 3) knowledge-based written tests. 11, 12, 36 Therefore, a significant number of studies reported participant feedback without objective evidence for efficacy of the simulator. None of the written assessment tools, knowledge or evaluation based, have been used more than once in the studies identified; this makes comparisons between studies difficult.
Assessment Tools
Psychometric Evidence for the Assessment Tools (Reliability and Validity)
As shown in Table 6 , little reliability evidence is presented by the studies. Only 4 studies described assessment of reliability. One described high interrater reliability in the video assessment of performance in carotid artery stenting using the ANGIO Mentor. 52 Another study reported testretest reliability and internal consistency in the context of simulator-derived performance measures (notably catheter handling errors by participants) when performing carotid angiography using VIST. 38 A third study found acceptable internal consistency of a written assessment quiz assessing 2D and 3D anatomical relationships in the context of a cast model of the ventricular system with Model Magic. 11 The fourth study reported test-retest reliability and interrater reliability in using SIMONT for neuroendoscopic tumor resection and third ventriculostomy. 13 The validation evidence from the studies was presented predominantly in the form of face validity, with participant feedback reporting realism when using the following: ImmersiveTouch, 57 ANGIO Mentor, 47, 52 VIST, 9,12,18,37 ROBO-SIM, 41 SIMONT, 13, 59 the cadaveric deer head and spine model, 56 in vivo rodent model, 1, 20 in vivo swine model, 43 human cadaveric model with SRSP to simulate a tumor, 14 and boundary element-based virtual reality (VR) simulator with haptic feedback. 55 Construct validation, predominantly through the successful differentiation of novices and experts, or individuals pre-and postintervention, has been demonstrated when using the following simulators/devices: cadaveric porcine skull, 10 cadaveric deer head and spine, 56 EasyGuide Neuro, 26 ImmersiveTouch, 6,27-30,57 ANGIO Men tor, 47, 52 VIST, 9, 12, 18, 38 in vivo rodent model, 39 human patient simulator, 36 cast model of ventricular system with Model Magic, 11 and SIMONT. 13 Predictive validity was reported in a study using the ImmersiveTouch simulator for ventriculostomy training, as simulator practice resulted in significantly higher chance of ventriculostomy success at first attempt in real patients in the operating room. 57 In another study an assessment scale (54) 5 (18) 3 (11) 3 (11) 3 (11)used (the Operative Performance Rating Scale) was stated to be adapted from a previously validated assessment tool, 10 but no validity or reliability evidence was presented.
Discussion
This systematic review, the first to our knowledge to evaluate simulation as an educational and training tool in neurosurgery, has demonstrated the presence of several different simulators at the neurosurgeon's disposal, with evidence for improved performance for a range of procedures, including ventriculostomy, neuroendoscopic procedures, and spinal surgery. In one study, critical care scenarios as opposed to surgical procedures were evaluated, 36 highlighting the diverse role that simulation could play in neurosurgical education and training. The majority of studies present participant feedback, which is generally positive and the simulators are felt to be realistic.
These positive findings should be interpreted against the limitations of the evidence base. We found that many of the studies are hampered by one or more of the following shortcomings: nonrandomized design; presenting normal rather than abnormal anatomy to participants; lack of control groups and long-term follow-up; poor reporting of study methods, methodology, and the data obtained; lack of evidence of improved simulator performance translating into clinical benefit; and poor reliability and validity evidence of the assessment tools used.
These shortcomings were reflected in the systematically appraised quality of the reviewed articles, which scored a mean of 9.21 out of a maximum score of 18 on the MERSQI, a multifaceted instrument for assessing the quality of medical education studies. 42 The MERSQI has been shown to have reliability and validity evidence, with high interrater and intrarater reliability and scores correlating well with expert ratings about study quality, 3-year citation rate, and journal impact factor. 42 The score from our studies is lower than that found in systematic reviews of simulation-based education in central venous catheterization (12.6), 31 laparoscopic surgery (11.9), 58 and technology-enhanced simulation for health professions education (11.6). 8 Although there is no preexisting evidence to confirm the relevance of MERSQI to neurosurgical simulation studies, its generic nature means that its power lies in the ability to make comparisons between specialties on the quality of educational studies being performed. As long as the implications of the MERSQI score are not overstated (it has little direct relevance to clinical outcomes), use of the MERSQI could serve as a benchmark upon which neurosurgical education researchers should strive to advance training and education within neurosurgery in a robust, evidence-based manner.
Traditionally, validity has commonly been incorrectly sought for the simulator/test as opposed to the results obtained from the simulator/test. 24 Most studies identified by this systematic review had little or no assessment of validity to support the tool and the associated performance metrics being used as a simulator, which is important in ensuring that any benefits observed from the simulator are likely to be relevant to clinical practice. Although the "look and feel" of a simulator and assessment tool is important in acceptability to the learner (a concept traditionally referred to as "face validity"), this is notoriously difficult to assess. Some consider face validity to be the weakest form of validity, 51 and others disagree that it is a form of validity, stating that the term should be abandoned from the literature altogether. 25 Indeed, it is interesting to note that while no studies reported presenting the simulator in a high-fidelity setting (for example, a fully simulated operating room), many studies reported that the participants found the simulation realistic. Definitions of validity and reliability used in the surgical literature are inconsistent, 53 and inconsistencies in validation study methodologies within this review limited our ability to draw strong conclusions comparing the effectiveness of simulation-based curricula 15, 49 and evaluating the transfer of skills from the simulation setting to the operating room. 48 These are open questions yet to be addressed in future research.
The concept of validity in the assessment literature has changed over the past few decades, but the surgical education literature has generally been slow to adapt. 25 Use of terms to describe different types of validity (such as construct and concurrent validity) is considered long redundant. Since 1985 the American Educational Research Association has stated a preference to refer to types of validity evidence as opposed to distinct types of validity, with validity representing the "appropriateness, meaningfulness, and usefulness of the specific inferences made from test scores." 3, 4 Types of validity evidence encompass the need to find validity evidence for the results or metrics of a test through multiple sources, including "test content, response process, internal structure, and relationships to other criteria." 25 A paradigm shift in the surgical education literature toward the modern concept of validity will be vital in ensuring appropriate judgments of performance are made.
In surgical specialties other than neurosurgery, there is an ever-increasing repertoire of evidence, including from double-blind randomized studies, that simulation training improves skills and reduces error in clinical settings. 2, 7, 44, 45, 54 In neurosurgery the gravity of technical error is arguably greater, and the potential benefit of simulation providing a safe environment for trainees to improve their skills should be explored further. In our systematic review, only 1 study of neurosurgical simulation training analyzed simulated performance at a procedure some time after training and correlated simulation training with clinical performance and patient outcomes. In this study, involving 16 neurosurgical residents using the ImmersiveTouch simulator for ventriculostomy, 57 the probability of successful ventricular cannulation 1 month after training was higher than that pretraining, but not as high compared with that immediately posttraining. This suggests the need for ongoing education (such as refresher sessions) to maintain benefits. Furthermore, the probability of successful ventricular cannulation in real patients at the first attempt was also higher following compared to before training, although in this small cohort the risk of hemorrhage formation around the site of ventriculostomy postoperatively was not reduced. Importantly, no other outcome measures were reported, and the effect of hemorrhage on clinical outcome is debatable and it can be argued that more important outcome measures exist. Nevertheless, the authors of this study should be commended for their efforts.
Limitations
This systematic review is limited by the heterogeneity in research methodology and design as well as quality of the included studies, as highlighted above. The wide variability in outcome measures, simulators used, and the participant profiles made it difficult to interpret findings collectively. Of course, no review (even if a systematic review as in this paper) can claim to find all relevant pa- pers. Indeed, we included only articles published in the English language, which means that we may have missed some important studies published in other languages. The risk of publication bias is also important, as negative findings are much less likely to be published than positive ones. Despite these limitations, this is the first systematic review to synthesize the current evidence base on simulation in neurosurgical education and training.
Future Directions for Simulation-Based Training in Neurosurgery
Aside from the clear need for improvement in methodological quality and reporting of future studies, there are important wider considerations for neurosurgical simulation. The role of nontechnical skills such as communication and leadership on surgeons' technical performance is well recognized, especially in general surgery. 19 Simulation (including high-fidelity full operating room simulation) may serve as a useful platform for nontechnical skills training in neurosurgeons and should be explored. In addition, deliberate practice with simulation has gained significant evidence as an effective learning strategy in other specialties, 21 and its implementation into neurosurgical curricula should be strongly considered.
Conclusions
This systematic review has demonstrated qualitative and quantitative benefits for a range of neurosurgical simulators, but the identified studies were often of poor quality and reported in a suboptimal manner. Future studies should seek to improve study design and reporting and provide long-term follow-up data on simulated and/or patient outcomes. This will demonstrate the true benefits of simulation in neurosurgery and will facilitate professional bodies' and program directors' decision making regarding optimal integration of simulation training into the neurosurgery curriculum and residency.
